Abstract-Traditional low cost radios for wireless sensor networks operate with one frequency channel at any given time. However, recent advances in radio hardware for WSNs made available transceivers that can support two simultaneous channels. In this work, we investigate the benefits of using two parallel independent frequency channels at the MAC layer. In particular, the paper introduces a technique of Dual Channel Multiple Access with Adaptive Preamble (DCMA/AP). The protocol uses two separate frequencies for data and control packets to avoid the use of handshake mechanisms (e.g. RTS/CTS) in order to reduce energy consumption and packet delay. To address the hidden and exposed terminal problems, DCMA/AP enables a receiver to send a busy tone signal on the control channel to notify neighbors that an ongoing reception is in progress. As a result, packet collisions are nullified with an increase of node throughput. Furthermore, an adaptive preamble mechanism in DCMA/AP avoids secondary processes of node synchronization together with a reduction of idle listening of receiving nodes that are considered to be one of the major sources of energy consumption in wireless sensor networks. Finally, DCMA/AP introduces a mechanism of opportunistic crossover speeds up the process of packet forwarding by pre-announcing the successive candidate node intended to receive the packet.
I. INTRODUCTION
Wireless Sensor Networks (WSNs) typically consist of a large number of tiny and inexpensive devices (nodes) which sample data from the environment together with few more powerful nodes (gateways) to collect the sampled information. Normally, nodes and gateways operate cooperatively to achieve a task. Sensor networks have a wide application space that ranges from civilian to military application and have a common set of requirements. In general, WSNs are employed in long unattended operations sometimes in harsh environments that require self-organization, energy efficiency and adaptivity. In fact, nodes should collaborate locally in different parts of the network to enforce energy efficient selfmanagement policies without impacting data delivery. Such a process must be done within an adaptive context since some nodes' battery resources might be depleted over time, while others can join the network later. Usually, changing the battery of depleted nodes is not practical, because the deployment area in many applications may not be easily accessible. The use of low cost devices for wireless sensor networks has brought researchers to develop multiple access procedures primarily oriented towards the usage of a single channel transceiver [1], [2] . Although such a direction of research is still dominant, recent advances in radio hardware manufacturing have enabled the development of a low-cost and low-energy transceiver that can effectively receive on two parallel frequencies with a relative small increase of energy consumption. An example is the nRF2401 transceiver [3] effectively employed on motes in [4] , developed at the University of Cork, Ireland. Table II shows the specification of that transceiver. The current MAC protocol employed uses one frequency only. This paper describes a technique of Dual Channel Multiple Access with Adaptive Preamble (DCMA/AP). The protocol exploits two parallel frequency channels to efficiently manage the limited resources in terms of node energy consumption and packet delay. We emphasize that the DCMA/AP protocol can be used for any transceiver that supports two frequency channels, in this way while the first channel is transmitting, the second one is listening.
The remainder of the paper is organized as follows. Section II discusses the motivation for this novel MAC protocol. Section III presents the related work. Section IV discusses the DCMA/AP protocol in detail. Section VII concludes the paper with a description of ongoing implementation and future work.
II. MOTIVATION
Although the scientific literature shows a profusion of energy efficient protocols, use of dual frequencies for wireless sensor networks has not yet been explored. This is primarily due to the desire to keep hardware platforms relatively simple and consequently inexpensive. Furthermore, two radios within the same devices typically consume double the amount of energy, which does not suit most WSNs. However, recent advances in semiconductor research have allowed to cut the cost and the energy consumption of transceivers with simultaneous reception of two parallel independent frequency channels for sensor nodes.
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. Low packet transmission latency: The use of handshake mechanisms like RTS/CTS/ACK together with a rather low node duty cycle cause significant packet delay. (CSMA) . BTMA proposes that when a centralized base station senses a busy data channel, it places a sine wave on the busy tone channel to prevent any nodes from transmitting. Dual Busy Tone Multiple Access (DBTMA) [11] has presented a recent extension of using busy tones, where two out-of-band busy tone channels are used to protect RTS transmissions, and to prevent nodes in the receiver's vicinity from transmitting. By offering a distributed approach instead of a base station, , as a lightweight sensor network MAC protocol that aims at providing versatile medium access while keeping the MIAC functionality as simple as possible. Because it is an asynchronous protocol, BMAC eliminates the communication and processing overhead for scheduling and synchronization, which reduces energy consumption. BMAC enables each node to wake up periodically to check for channel activity. The wake-up period is referred to as the check interval. BMAC defines 8 check intervals, and each check interval corresponds to one of BMAC's 8 listening modes. To ensure that all packets are heard by the nodes, packets are sent with a preamble whose reception time is longer than the check interval. BMAC therefore defines 8 different preamble lengths referred to as transmit modes. Additionally, Polastre et al. analytically derive optimal listening modes based on the number of neighbors of a node. In their experiments, they determine the maximum neighborhood size in the network, and they set the optimal listening mode for that neighborhood size. The experimental results yield significant energy savings for BMAC over previous protocols, such as SMAC. Our work adopts a similar matching of preambles and check intervals in BMAC and couples it with out-of-band busy tones to further reduce power consumption in sensor networks.
IV. THE DCMA/AP PROTOCOL
The dual frequency channel multiple access with adaptive preamble (DCMA/AP) is based on simultaneous utilization of two frequency channels called Data channel (Cd) and Control channel (Cc). The next subsection describes the use of Cd and Cc in detail together with the content of different types of control packets. The successive subsection addresses the main mechanisms of access to the channel of DFMA. The final subsection ends with two important techniques of latency and energy consumption reduction, namely the adaptive preamble and the opportunistic packet crossover.
A. Functions of Data and Control channels
In DCMA/AP, the two available channels are distinctively utilized for control packets and data packets. Table III describes the details of control packets transmitted on Cc. DCMA/AP use control packets to notify neighboring nodes that the channel Cd is busy for the entire duration of the transmission. Only the receiving node is allowed to transmit on Cc for activity notification. In fact, the receiver is the only node that can effectively inform the neighborhood that a reception is in progress on channel Cd. Therefore, only nodes around the receiver will refrain from transmitting, as shown in figure 2, which effectively eliminates the exposed terminal problem. 
